Voltage model is commonly used in direct torque control (DTC) for flux observing of asynchronous motor. In order to improve low-speed and dynamic performance of the voltage model, a modified low-pass filter (LPF) algorithm is proposed. Firstly, the tracking differentiator is brought in to modulate the measured stator current, which suppresses the measurement noise, and then amplitude and phase compensation is made towards the stator electromotive force (EMF), after which the stator flux is obtained through a low-pass filter. This method can eliminate the dynamic error of flux filtered by LPF and improve low-speed performance. Experimental results demonstrate effectiveness and improved dynamic performance of such method.
Introduction
The direct torque control technology based on stator flux orientation has been widely used in high-performance induction motor control system. It has the advantages of simple structure, not being sensitive to motor parameters, and so forth [1, 2] . The key of achieving direct torque control of asynchronous motor effectively lies in the accurate obtaining of stator flux information; especially observing motor flux exactly at a low stator frequency is even a big issue of AC speed regulation [3] [4] [5] .
In the aspect of robust estimator, scholars have done a lot of research work. Reference [6] considers the modeling and adaptive output tracking of an FCTFPM as a nonlinear system with unknown nonlinearities by utilizing HGO and RBF neural networks. A fuzzy reliable control strategy has been presented for the tracking problem of the longitudinal dynamics of FAHVs model with actuator or sensor faults and external disturbance. Based on the T-S fuzzy modeling technology, a T-S fuzzy model has been constructed to represent the nonlinear dynamics of the FAHVs [7] . Reference [8] presents a fault tolerant tracking controller for a VTOL aircraft flight in uncertain conditions. The considered system contains structured uncertainties which affect the mechanical parameters of the air vehicle. Reference [9] investigates the energy-to-peak filtering problem for nonuniformly sampled nonlinear systems. The sampled nonlinear systems are modeled by T-S fuzzy systems under the discretetime framework. Reference [10] is devoted to the ammonia coverage ratio estimation problem in SCR systems. Reference [11] studies the state estimation problem for discrete-time systems subject to network-induced delay. By considering the occurrence probability for the delay, the exponential meansquare stability and the ∞ performance are exploited for the estimation error system. Reference [12] investigates the ∞ filtering problem for T-S fuzzy systems under the discretetime framework. By using Finsler's lemma, a new ∞ criterion for discrete-time fuzzy systems is obtained. With the partition technique, the Lyapunov weighting matrices and the parameters to be designed are decoupled.
Voltage model is the basic method of the following stator flux. It uses an ideal integrator described in formula (1) . The algorithm of this model is simple which only need to know the stator resistance, which is why the flux observing method which is based on voltage model has always been given special importance [13, 14] . Consider
Although the voltage model is quite simple, there are still some problems in practical application [15] . (1) A small DC bias or drift in the current measurement channel will cause the integrator saturation. (2) The stator resistance variation in low stator frequency makes the stator flux amplitude and phase observations have a big error. (3) The initial value of the integral produces the dc bias in the observed flux amplitude.
In order to eliminate the effect of DC bias, it is proposed in [16] that the pure integrator should be replaced with low-pass filter, but amplitude and phase error of flux can be introduced to it. Adopting a programmable cascaded low-pass filter can overcome the effect of zero drift theoretically [17] , but the cutoff frequency is of high precision. It is difficult to get the desired effect in practical application, and the dynamic performance is poor. Using improved PLL to observe the stator flux is proposed in [18] , but this method needs to use the motor speed information based on permanent magnet synchronous motor, and the system has two convergence points meanwhile.
The biggest reason why flux observation is inaccurate is that the DC bias and unbalanced gain exist in current measurement channel; hence this paper reduces the current measurement interference by using tracking differentiator [19, 20] to filter the measuring stator current; it also restrains the DC component of stator current by using low-pass filter instead of pure integral, and it eliminates the amplitude attenuation and phase error brought by low-pass filter by using the back EMF compensation algorithm. Experimental results demonstrate effectiveness and improved dynamic performance of such method.
Traditional Method of Stator Flux Estimation
The 
where u is the stator voltage, is the stator resistant, i is the stator current, and is the stator flux. Equation (3) is called the U-I model or the voltage model of flux estimator. Since the formula contains a pure integrator, small DC bias can cause integral saturation which will result in flux estimation error. So it is usual to replace pure integral with the first-order low-pass filter in voltage model; namely, let the integral input signal go through a high-pass filter firstly to filtrate the DC component.
The stator flux has invariant amplitude in a steady state revolving in the synchronous frequency, which can be expressed as
where is the synchronous frequency of the motor.
Equations (2) and (4) become
Equation (5) is the expression of actual stator flux. When observing stator flux through low-pass filter, the following equation can be written:
wherêis the stator flux which is observed by low-pass filter and is the cutoff frequency of the low-pass filter.
The connection between the estimated stator flux̂and the actual stator flux can be concluded from (5) and (6) which can be expressed aŝ
From (7), it is clear that errors of flux in the amplitude and the phase result from the replacement of pure integral with a low-pass filter. The higher the cutoff frequency is, the more serious the distortion is shown in the flux amplitude and phase.
According to the principle of the direct torque control, the flux error can affect the steady state and dynamic operation of asynchronous motor directly. Direct torque control selects the appropriate voltage vector according to the observed flux and torque. Meanwhile the low-pass filter cuts down the flux amplitude, so when the observing flux reached a given value, the actual flux has already been far beyond that, which leads to the saturation of motor magnetic field. Phase shift of the observed flux can influence the accurate selection of voltage vector as well as the control characteristic of the motor. Besides, the estimation of torque in direct torque control is also affected by flux value directly. Therefore it is essential to have amplitude and phase compensation for the result of lowpass filter. Traditional method of flux observing is shown in Figure 1 .
Improved Method of Flux Observing

Modified Low-Pass Filter (LPF) Compensation Algorithm.
Make amplitude and phase compensation for the result of the low-pass filter as follows:̂G
wherêis the stator flux which is observed by low-pass filter, G is the penalty function, and is the stator flux. According to (7), the penalty function G can be expressed as
where is the synchronous frequency of the motor is the cutoff frequency of the low-pass filter. By choosing appropriate cutoff frequency, this compensation algorithm can make the flux observer have a better ability in restraining DC drift and also have a strong ability of anti-interference. But this algorithm has a poor dynamic performance. The estimation of flux value will have big error when stator current frequency has a sudden change [21] . For this reason the sequence of applying the low-pass filtering algorithm and the flux compensation can be exchanged, making compensation for the back electromotive force firstly as follows:
In the − coordinate system, back electromotive force components and are at /2 space angle. Assuming that the stator flux is in counterclockwise rotation, it passes axis firstly and then axis. Therefore in a constant flux control mode, and have the same amplitude and different phase, which can be rewritten as
Combining (9)∼(11) leads to the following expression:
Practice shows that the optimal cutoff frequency for lowpass filter should be 20%∼30% of the synchronous frequency [16] . It is hard to estimate synchronous frequency of the motor when it is running, whereas the stator current frequency can be obtained through the detected current signal, so it can replace the synchronous frequency. Therefore the cutoff frequency of low-pass filter can be calculated as follows:
where 0 is the initial value. It ensures that when rotating speed is close to zero, the cutoff frequency will not be too low. is the stator current frequency and is coefficient of proportionality (0.2-0.3). According to the above, in order to achieve this modified low-pass filter algorithm, it is necessary to settle on the stator current frequency . The space situation of the stator current in the -coordinate system can be expressed as
where the stator current frequency can be obtained by differentiating ; the discretization formula is shown as follows:
3.2.Tracking Differentiator.
Because of the measurement noise, the stator current can affect the precision of flux observation; therefore, stator current needs to be filtered. Tracking differentiator (TD) is the essential part of ADRC [22] . The initial purpose of TD is to rationally extract continuous signal and differential signal from discontinuous or band random noise signal when it comes to the practical engineering problems. After a further research on TD, discretization form of TD was proposed, making it easier for computer calculation and better in filtering. TD discretization formula can be written as Sine wave 1 where V( ) is input signal, 1 is the tracking signal of V( ), and 2 is the derivative of 1 which can be seen as the derivative of input signal. Consider
where ℎ is integration step and is a parameter that determines the tracking speed. In order to validate the filtering performance of tracking differentiator, as shown in Figure 2 , a Simulink simulation model is built with an interference input signal as follows:
where ( ) is the uniformly distributed random disturbance signal with the amplitude 1% and is used to simulate the measurement noise of the current sampling.
The simulation results are shown in Figure 3 ; it can be seen that the tracking differentiator restores the contaminated original signal. Hence this paper tries to introduce tracking differentiator to filter the stator current.
Build Up Complete Flux Observing
Model. Based on the above analysis, the complete illustrative diagram of stator flux observing model is shown in Figure 4 . The current which is used to count the back electromotive force is filtered by tracking differentiator and then compensate the back electromotive force, and then get the stator flux through the low-pass filter. Use the stator flux signal to calculate angular frequency and cutoff frequency which is fed back to compensation algorithm and low-pass algorithm.
Experimental Verification
Experimental Platform.
In order to verify the performance of the flux observing model in this paper, an experimental platform is established for the asynchronous motor direct torque control system, as shown in Figure 5 . The experimental platform is powered by programmable DC supply; the development suite is the high-voltage motor control and PFC Development Suite v2.0 from TI Company; the MCU is TMS320F28335; parameter of the triphase asynchronous motor is shown in some division operations, requiring a higher speed processor. In this paper, we chose DSP28335, up to 150 MHz, which can meet the requirements.
In the control procedure of experiment, the control period is 100 . The two flux observing methods are compared in the experiment; the result of the traditional method is shown in Figure 1 , whereas the result of the method proposed in this paper is shown in Figure 4 . Except the flux observing method, other conditions are all the same in this experiment. Figures 6 and 7 give the compared experimental waveforms of the two methods where the targeted motor speeds are both 150 r/min. It can be seen from Figure 6 that when the targeted motor speed is higher, the speed waveforms are basically the same of the two methods. From Figure 7 it can be seen that the current waveforms are basically the same of the two methods as well, but current harmonic wave is smaller in the method proposed in this paper, which illustrates that the use of tracking differentiator in filtering has improved the current fluctuation.
Experimental Results.
With the targeted speed getting slower, the traditional method can barely guarantee performance of the motor control; Figures 8 and 9 give the compared experimental waveforms of the two methods where the targeted motor speeds are both 50 r/min. It can be seen from Figure 8 that, in the traditional method, the motor speed has a huge fluctuation; that is to say, the DTC has already become invalid; the motor speed is kept around the targeted one and has a small fluctuation by using the flux observing method of this paper. From the current waveforms shown in Figure 9 , it is clear that there are a lot of current harmonic waves and the waveform also has distortions in the traditional method, but current waveform in the method of this paper is still in good state.
When the targeted speed is set to be 25 r/min, the experimental result of DTC system using traditional method has a poor performance, the motor operates intermittently, and the control is totally invalid, whereas the DTC system based on flux observing model of this paper can still run smoothly. Using the method of this paper, the speed and the current waveforms which are shown in Figure 10 aimed at a speed of 25 r/min. The experimental results show that the flux observation method proposed in this paper can improve the low-speed performance of DTC.
Under the experimental condition that the speed changes sharply from 150 r/min to 50 r/min in the 4.5 s, Figures 11  and 12 give the current waveforms of two methods. When the speed turns sharply, it is obvious that the load and current fluctuation are smaller in the method of this paper. When the targeted speed is 50 r/min, under the experimental condition that the load torque changes sharply from 0 N⋅m to 0.3 N⋅m in the 4.5 s, Figures 13, 14, and 15 show the speed and stator current and torque waveforms of two methods. When the load torque changes sharply, the torque of traditional method has a huge fluctuation, whereas in the method of this paper the torque has a small fluctuation. Experimental results demonstrate the improved dynamic performance of such flux observing method mentioned in this paper.
Conclusion
To solve the stator flux observation problem of asynchronous motor, the observation scheme that compensates for back EMF firstly and then filters through low-pass filter is proposed; at the mean time tracking differentiator is used to filter the stator current and the simple voltage model is retained, and all the above lead to the improvement of the dynamic precision of flux observing. This scheme can improve the dynamic and low-speed performance of the DTC system of induction motors. The accuracy of flux observation is less influenced by the stator frequency mutation, and there is less current harmonic waves with efficiently restrained torque fluctuation. 
